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Aflatoxins and the producing fungi Aspergillus section Flavi are widely known as the 
most serious and dangerous mycotoxin issue in agricultural products. In Europe, before 
the outbreak of aflatoxins on maize (2003-2004) due to new climatic conditions, their 
contamination was confined to imported foods. Little information is available on molecular 
biodiversity and population structure of Aspergillus section Flavi in Europe. Preliminary 
reports evidenced the massive presence of Aspergillus flavus L-morphotype as the 
predominant species in maize field, no evidence of the highly toxigenic S-morphotype 
and of other aflatoxigenic species are reported. The risk of a shift in traditional occurrence 
areas for aflatoxins is expected in the world and in particular in South East of Europe due 
to the increasing average temperatures. Biological control of aflatoxin risk in the field by 
atoxigenic strains of A. flavus starts to be widely used in Africa and USA. Studies are 
necessary on the variation of aflatoxin production in populations of A. flavus to characterize 
stable atoxigenic A. flavus strains. The aim of present article is to give an overview on 
biodiversity and genetic variation of Aspergillus section Flavi in Europe in relation to the 
management of aflatoxins risk in the field. 
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INTRODUCTION 

The relatively recent outbreak of aflatoxins risk contamination 
in Europe has driven the EU researchers to investigate on this 
topic usually confined to tropical and sub-tropical areas. In this 
respect, aflatoxins and aflatoxigenic fungi are by far the most 
serious, dangerous and studied mycotoxin issue in agricultural 
products. 

Aflatoxins are secondary metabolites synthesized by several 
Aspergillus species and are highly toxic to humans and animals 
when ingested at high concentrations. They may cause severe liver 
damage accompanied by jaundice, hepatitis and death, especially 
in developing countries (Probst et al., 2007). In addition, they are 
genotoxic, carcinogenic, and teratogenic for both humans and 
animals. Daily consumption of foods contaminated with low lev- 
els of aflatoxin Bi (AFBi) can result in chronic aflatoxicosis with 
stunting in children, immune suppression, cancer, and reduced 
life expectancy (Shephard, 2008). 

Aflatoxins could extensively contaminate pre-harvest corn, cot- 
ton, soybean, peanuts, and tree nuts, and in addition residues from 
contaminated feed may appear in milk (Bennett and Klich, 2003). 

In general, and in most of the published studies, A. flavus 
and A. parasiticus are the major prominent species associated in 
aflatoxin contamination of agricultural crops. However, recently 
additional species of Section Flavi have been reported to be respon- 
sible of aflatoxin contamination, i.e., A. arachidicola in peanuts 
and A. nomius in corn, nuts, and brazil nuts, especially in certain 
geographical area (Varga etal., 2011). New aflatoxigenic species 
A. mottae, A. sergii and A. transmontanensis have been described 
from maize and almonds in Portugal, they all belong to A. parasiti- 
cus group (Soares et al, 2012). A. flavus isolates produce AFB] and 



AFB2 and often cyclopiazonic acid (CPA), while most A. parasiti- 
cus strains produce AFGi and AFG2 in addition to AFBi and AFB2 
but never produce CPA (Horn and Dorner, 1999). Production in 
A. flavus is highly variable and depends on genotype, substrate 
and geographic origin, climate change and agronomic practice. 
Moreover, A. flavus is considered the predominant contaminating 
organism in soil and in agricultural areas and this species is more 
invasive and out competes A. parasiticus when both species are 
together in soil. So, most of the extensive researches have been 
conducted on this species and on its diverse assemblage of strains: 
different vegetative compatibility groups (VCGs), sclerotial type 
variants, toxigenic and atoxigenic strains (Ehrlich, 2014). In fact, 
A. flavus populations include isolates with two morphologically 
distinct sclerotial size variants, L strains with average sclerotial 
size >400 u,m and S strains with sclerotial size <400 u,m. Both 
these morphotypes are found in maize regions around the world; 
L strains are usually less toxigenic than S strains and produce 
only AFBs, while S strains are often high producer of aflatox- 
ins and could be divided in two chemotypes: the Sbg producing 
both AFBs and AFGs, and the Sb producing only AFBs. The 
closely related new species A. parvisclerotigenus and A. miniscle- 
rotigenes were potentially associated to the Sbg and Sb taxons of A. 
flavus, respectively (Saito and Tsuruta, 1993; Pildain etal., 2008). 
Isolates that share morphological characters with Sbg have been 
reported from Thailand, Argentina, and Australia, but the exact 
taxonomic designation of Sbg remains unclear (Cotty and Card- 
well, 1999; Donner et al, 2009). More recently, Probst et al. (2012) 
assigned four phylogenetic distinct groups to the S strains: one 
seems to belong to A. minisclerotigenes (Sbg from Australia, Nige- 
ria, Argentina, USA); the second is the highly toxic Kenyan Sb 
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group (Probst etal., 2007), and a third is the Sb group from else- 
where in the world, e.g., Thailand, United States, and Philippines. 
Finally, there is the Sbg strain group from Nigeria. In general, 
members of the Sbg group are found in locations where high 
levels of aflatoxin contamination occur. 

It is important to underline that, based on actual surveys, the 
Europe population of A. flavus seems constituted only by L strains, 
none of the studies conducted have found A. flavus S strains. In 
Europe, the occurrence of A. parasiticus in maize seems to be very 
rare, while it resulted more distributed in almond especially in 
Portugal with an atypical chemotype producing only AFBs toxins 
(Rodrigues etal, 2011). 

Incidence of aflatoxin outbreaks are most severe in tropical and 
subtropical areas around the world and also temperate regions, 
such as the United States Midwest are subject to occurrence of 
aflatoxin contamination. Until 2004, the European perspective 
regarding aflatoxin contamination was confined to imported foods 
such as peanut cake, palm kernel, copra, and corn gluten meal 
(depending of origin; European Food Safety Authority [EFSA], 
2004). Several surveys have been conducted for detection of AFs 
in feed samples in Europe founding a small percentage of materi- 
als contaminated with AFBi concentration above the regulatory 
limit. In fact, a survey of 110 maize samples in Northern Italy in 
2003, initially planned to monitor the occurrence of fumonisins, 
showed 75% positive samples to AFBs with a mean of 4.4 and a 
maximum of 154.5 [i-g/kg (Piva etal., 2006). In 2006, aflatoxin 
contaminated rice meal used in dairy cattle feed production had 
been identified as the cause of elevated AFMi levels in Swedish 
milk. 

However, a big survey conducted by European Food Safety 
Authority [EFSA] (2007) evidenced the emerging issue of poten- 
tial aflatoxin contamination of corn, almonds, pistachios grown 
in areas of Southern Europe, due to the subtropical climate occur- 
ring in some recent years. In the study of Ibanez-Vea et al. (20 12), 
detectable levels of AFBi were reported for all the 123 Spanish 
barley samples from 2007 to 2008, and it was found to co- 
occur with other mycotoxins like ochratoxin A and zearalenone. 
In the recent work of Streit etal. (2013), samples of feed and 
feed raw materials from over the world were analyzed during 
an 8 year period for contamination with different mycotoxins. 
Regarding aflatoxin contamination, European samples originated 
primarily from Central Europe showed a high percentage of 
around 30% positive samples, albeit the pool of samples tested 
was made up by finished feeds or imported feedstuffs for more 
than half. A recent warning for maize contamination in North- 
ern Italy was issued in 2012-2013 in consequence of drought 
conditions favorable to A. flavus infection (Andreotti, 2013; 
Causin, 2013). 

In the following chapters of this mini-review we intend to ana- 
lyze the most important critical points that should be studied and 
keep under audit to prevent and reduce the spreading of aflatoxin 
risk in Europe in the next decades. 

CLIMATE CHANGE AND RISK OF AFLATOXIN 
CONTAMINATION IN EUROPE 

A wide body of evidence demonstrates that the ability of fungi 
to grow, survive and interact with a large variety of crop species 



and to produce mycotoxins is greatly influenced by environmen- 
tal factors, mainly temperature, relative humidity, insects. These 
factors are greatly related to climate change and to the variation of 
temperature and rainfalls. In this sense, food safety has become a 
very important issue worldwide and the potential effects of climate 
change on yields and quality of food crops, especially for mycotox- 
ins, have received special attention in the last years, in particular 
from a risk analysis perspective (Miraglia et al, 2009; Magan et al., 
2011). A shift in traditional occurrence areas for mycotoxins is to 
be expected due to the increasing average temperatures. In this 
respect, the Mediterranean zones have been identified as a climate 
change hotspot where extreme changes in temperature, CO2 levels 
and rainfall patterns are predicted. Regarding aflatoxins, their con- 
tamination events are more prevalent during times of high heat 
and drought, which may stress the host plant thereby facilitat- 
ing A. flavus infection (Schmidt-Heydt etal., 2009; Mohale etal., 
2013). 

In 2003 and sporadically in the following years a hot and drying 
season led to severe A. flavus infection of maize in Northern Italy, 
as mentioned above (Piva etal., 2006; Battilani etal, 2008). The 
use of this maize as feedstuff for dairy cattle led to a widespread 
AFMi contamination in milk and several thousands of tons of milk 
exceeding the EU legal limit of 0.05 (J-g/kg had to be discarded. In 
the 2 years following this incidence from the study of Decastelli 
etal. (2007) the presence of AFMi in milk and AFBi in feed was 
higher than the maximum allowable in 1.7% of raw milk samples 
and in 8.1% of feed samples. In 2005, the presence of these afla- 
toxins was below the limits of EU regulations. So, because of the 
very dry conditions in those years, A. flavus became a significant 
problem. 

Under heat/drought stress also peanuts and pistachio can 
develop cracking in pods or hull splitting resulting in a signifi- 
cant increase in aflatoxin contamination (Cotty and Jaime-Garcia, 
2007). Drought is also a major stress for the plants and under- 
mines their natural immunity against pathogens like mycotoxin- 
producing fungi (Bircan etal., 2008; Kebede etal., 2012). 

New strategies to monitor and predict mycotoxin contamina- 
tion, either in specific foods or in geographical regions are of recent 
development, they could be useful in the next years for identify and 
predict environmental conditions present in regions that may favor 
mycotoxin proliferation. In this regard, some models have been 
created to predict aflatoxin for pistachio nuts (Marin etal., 2012), 
peanuts (Boken etal., 2008), and other crops (Masuoka etal., 
2010). More recently, as in Northern Europe A. flavus became a 
dominant pathogen in maize, Battilani et al. (2013) have developed 
a mechanistic model "AFLA-maize" for the prediction of A. flavus 
infection and AFBi contamination in this crop. 

Another potential consequence of climate change is that the 
biocontrol strain could be an inadvertent cause of increased dam- 
age to the plant, especially if growing conditions are less favorable 
for cultivation. Changes in soil environment and its microbiome 
due to temperature increase, could also subject the crop to 
amplified damage. So, across Europe, it is relevant to improve har- 
monization of surveillance and monitoring of aflatoxins; improve 
database on the geographical distribution and prevention methods 
for aflatoxin; develop models for the prediction of aflatoxin 
contamination in the new biogeographical agricultural scenarios. 
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BIODIVERSITY AND GENETIC DIVERSITY OF Aspergillus 
SECTION Flavi IN EUROPE 

Soil populations of A. flavus are typically composed of isolates 
from hundreds of different VCGs which reflect phenotypic differ- 
ences (or similarity) among individuals (Leslie, 1993). Individuals 
(genotypes) of a fungal species having the same heterokaryon 
or vegetative incompatibility loci can fuse and undergo genetic 
exchange through parasexuality (Glass et al, 2000). Fungal isolates 
that form stable heterokaryons are considered to belong to same 
VCGs. In A. flavus populations, most of variations in morphol- 
ogy and mycotoxin production can be attributed to differences 
among VCGs. Vegetative compatibility group was believed to be 
a strong barrier to genetic exchange but recent studies found that 
VCGs are able to outcross, leading to new VCGs and thereby 
increased diversity (Olarte etal, 2012). 

Recently, sexual reproduction was demonstrated in A. flavus 
which resulted to be an heterothallic fungus with two mat- 
ing type loci, MAT1-1 and MAT1-2 maintained separately in 
homokaryotic isolates (Ramirez-Prado etal., 2008; Horn etal., 
2009). Recombination can occur within conidia or sclerotia when 
they harbor multiple nuclei of different mating type and thereby 
capable of recombination. 

Sexual recombination occurs in A. flavus through the meiotic 
process of independent assortment and crossing over that may 
influence the toxin phenotype of A. flavus strains, with a reduction 
or a complete loss of toxicity (Olarte et al, 2012). The majority of 
the genetic variation in mycotoxin production arises from muta- 
tions in the anatoxin biosynthetic gene cluster (Chang et al., 2005, 

2006) , including gene loss, recombination, DNA inversions, par- 
tial deletions, translocations, and other genomic rearrangements 
of the cluster likely due to proximity of the cluster to the telomeric 
region of chromosome (Carbone et al., 2007). 

Comparative analyses of the aflatoxin cluster in various 
Aspergillus species have underlined the complex evolutionary 
history of this cluster and its role in species adaptation and diversi- 
fication (Ehrlich et al., 2003; Moore et al, 2009). From analyses of 
Aspergillus populations, several distinct deletions within aflatoxin 
cluster have been described that may each be responsible for atox- 
igenicity in various isolates. Either part or the entire biosynthetic 
cluster resulted deleted, or the non-afiatoxigenicity was associated 
to inability to amplify selected aflatoxin genes (Chang et al., 2005; 
Criseo etal., 2008; Donner etal, 2010). 

Not many studies on the molecular diversity of Aspergillus pop- 
ulations isolated in Europe are available. Among these, the work of 
Gallo et al. (2012) was about an A. flavus population isolated from 
maize in 2003, during the first outbreak of aflatoxin contamina- 
tion documented in Northern Italy (Piva et al., 2006; Giorni et al., 

2007) . The strains were analyzed for the presence of seven aflatoxin 
biosynthesis genes, including the regulatory genes aflR and aflS, in 
relation to their capability to produce AFBi . All aflatoxin produc- 
ing isolates exhibited the complete set of amplification products, 
whereas non-producing isolates did not yield amplified products 
for three, four or all seven tested genes. The genetic diversity of 
A. flavus populations collected from maize kernels in Northern 
Italy from 2003 to 2010 was assessed by analysis of VCG and pres- 
ence or absence of several aflatoxin genes by Mauro etal. (2013). 
Forty-eight VCGs were identified by means of complementation 



between nitrate non-utilizing mutants. Twenty-five of these VCGs 
contained only atoxigenic isolates and the remaining 23 only afla- 
toxin producers. In addition six deletion patterns of genes in 
aflatoxin cluster were detected. Regarding the atoxigenic isolates, 
12 of them had no deletion in the cluster, 10 had the entire cluster 
deleted and only one had a deletion pattern only seen once before 
in Nigeria, with only two genes amplified out of the thirteen tested. 

The genetic variability of aflatoxin cluster in non-aflatoxigenic 
isolates appears diversified and complex but its understanding is 
important for the selection of safe and effective non-producing 
strains potentially usable in biocontrol for limiting aflatoxin 
contamination. 

ATOXIGENIC STRAIN AND GENETIC VARIATION IN 
AFLATOXIN CONTROL STRATEGY 

Interest in the variation of aflatoxin production by strains of 
Aspergillus section Flavi has increased recently because atoxigenic 
strains of A. flavus are being used as biological control agents to 
reduce the risk of aflatoxin contamination (Atehnkeng et al, 2008; 
Wu and Khlangwiset, 2010). Atoxigenic strains may displace wild- 
type aflatoxigenic strains in crop environments so only the non- 
aflatoxigenic population of fungi would be present in the field. 

The effectiveness of pre-harvest biocontrol strategies using 
atoxigenic strains is based on competition for substrate, the poten- 
tial production of inhibitory metabolites, and on their inability to 
recombine with native toxigenic strains, thus preventing the reac- 
quisition of aflatoxigenicity (Ehrlich and Cotty, 2004; Abbas et al., 
2011). Anyway, the choice of a candidate biocontrol atoxigenic 
A. flavus strain could not be based only on the phenotypic charac- 
teristic of atoxigenicity; it is necessary to investigate the genotypic 
condition. The long-term effect of atoxigenic biocontrol strains 
on native population depends on possibility of sexual recombina- 
tion, in presence of which the high aflatoxin heritability will induce 
the regaining of ability to produce aflatoxins. There is never com- 
plete inheritance of the atoxigenic phenotype in the offspring of 
a biocontrol parent, so the use of atoxigenic strains biocontrol 
with lacking cluster genes would be preferable to one with intact 
biosynthetic cluster (Olarte et al, 2012; Moore, 2014). 

Other factors should be considered for a successful application 
of biocontrol strategy such as the better understanding of natural 
diversity of A. flavus populations in agricultural soil, the ability 
of the introduced non-aflatoxigenic strains to recombine with the 
existing aflatoxigenic strains, the adaptation of A. flavus isolates 
for growth on the plant, the potential damage to the plant from 
the introduced strain, the potential effect on the soil microen- 
vironment, the timing and the economical cost of application 
of biocontrol isolates, the potential production of other toxic 
metabolites, in addition to aflatoxins, which could affect animal 
health (Ehrlich, 2014). 

This form of competitive exclusion of toxigenic strains by non- 
aflatoxigenic biocontrol strains has been demonstrated under field 
conditions in cotton (Cotty, 1994), peanuts (Dorner, 2005; Alaniz 
Zanon et al., 2013) and maize (Abbas et al., 2006). 

The aflatoxigenic isolate AF36, which is unable to produce 
aflatoxin because of a point mutation in the polyketide syn- 
thase gene (pksA) necessary for aflatoxin biosynthesis (Ehrlich 
and Cotty, 2004), is registered to be used in USA for the 
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management of afiatoxin contamination in cottonseed fields. The 
strain NRRL2 1 882 is the active ingredient of Afla-Guard, a biocon- 
trol formulation consisting of spore-coated barley seeds and used 
in peanut fields (Chang and Hua, 2007); the isolate is missing the 
entire afiatoxin and CPA gene clusters and therefore is unable to 
produce both mycotoxins (Chang etal., 2005, 2009). Recently the 
possibility to replace grain seeds in this formulation with bioplastic 
based granules has been explored in field experiments conducted 
in Northern Italy showing that bioplastic formulations are effec- 
tive in reducing afiatoxin contamination in corn (Accinelli et al., 
2014). In some cases the competing fungi are used as cocktails 
that include application of multiple strains of non-aflatoxigenic 
A. flavus (Wu etal, 2013). 

CONCLUSION 

The occurrence of AFBi at high levels in Europe in the years 
2003-2004 and 2012-2013 underlines the fact that the climate 
change will entail a change in the mycotoxin distribution pat- 
terns observed today. Global trade of plant products can also 
contribute to the spread of aflatoxigenic fungi and to the increase 
of diversity of local fungal populations. The study of diversity of 
aflatoxigenic fungi occurring in maize in Europe, under different 
points of view-morphological, molecular, metabolic, and plant 
pathological is essential for the development of strategies for the 
control of afiatoxin contamination. In this regard, the molecular 
characterization of native atoxigenic strains, acting through com- 
petitive exclusion of afiatoxin producers, with superior adaptation 
to a geographical region, should provide benefit of long-term dis- 
placement of toxigenic strains in maize environment. Additional 
information on the behavior of these atoxigenic isolates in the tar- 
get agro-ecosystem will be needed to choose the best biological 
control agents. Finally, the development of predictive models for 
aflatoxins occurrence based on regional weather data would be a 
valuable tool to estimate the risk of contamination after a given 
growing season, together with using biopesticides in the frame of 
an integrated pest management (IPM). 
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